Abstract. High pressure torsion (HPT) processing technology, consisting in the obtainment of (ultra)fine bulk metallic structure during 2-3 complete rotations of the superior anvil at low speed (~10 -1 rpm) under high applied pressure (~ GPa) applied on the lower anvil, has been modified as to allow the application of elevated number of rotation numbers (~10 2 rpm). By high-speed high pressure torsion (HS-HPT), coned-disk spring shape modules were processed from an as cast Fe-28Mn-6Si-5Cr (mass %) shape memory alloy (SMA). Scanning electron microscopy (SEM) and X-ray diffraction (XRD) studies revealed that the modules became nanostructured as an effect of HS-HPT processing. After processing, a hardness gradient was obtained along the truncated cone generator, increasing from inner to outer areas, due to different deformation degrees in these zones. After complete flattening, the measurements revealed that the hardness gradient maintained its value but reversed its variation sense.
Introduction
Amongst intelligent materials, shape memory alloys (SMAs) are characterized by the ability to recover from being deformed, when heated [1] . Commercial SMAs can be classed into three major groups: Cu-based (mainly CuZnAl and CuAlNi), NiTi-based, and Fe-based (e.g., FeMnSi, FeNiC and FeNiCoTi) [2] .
FeMnSi base Shape Memory Alloys (SMAs) have been developed since the years 1980s [3] , as cheap substitutes of Ti-Ni base SMAs [4] and became commercially available under the form of Fe-28 Mn-6 Si-5 Cr [5] and Fe-14 Mn-5 Si-9 Cr-5 Ni [6] (mass. %, as all compositions will be listed hereinafter), which have been successfully used for constrained recovery [7] applications.
In FeMnSi based SMAs, ε hexagonal close-packed (hcp) martensite is stress-induced, by plastic deformation, from γ face-centered cubic (fcc) austenite and reverts to the parent phase, by heating, while recovering its initial undeformed macroscopic shape, providing the applied strain does not exceed 5 % [8] and no α' body centered cubic (bcc) martensite was thermally or stress induced [9] .
In order to obtain a large value of shape memory effect (SME), with recoverable strains larger than 4 %, ε-hcp stress-induced martensite plates should be as narrow as possible, with a single variant orientation and should interact neither with each other nor with pre-existing thermally or stress-induced martensite [10] . Aiming to reduce austenite grain size and the dimension of martensite plates, various processing routines were tested on FeMnSi SMAs obtained both by conventional technologies (casting and plastic deformation) and by non-conventional ones. For instance, conventionally processed alloys were subjected to various thermomechanical treatments, meant to control the formation [11] and alignment [12] of second-phase precipitates. Conversely, powder metallurgy (PM) processing [13] and severe plastic deformation (SPD) [14] demonstrated their potential to improve the properties of FeMnSi-based SMAs. Thus, PM associated with mechanical alloying (MA) caused FeMnSi-based SMAs with better mechanical [15] and shape memory [16] properties, as compared to conventionally processed alloys.
A special attention has been recently paid to the possibility to obtain nanostructured FeMnSi-based SMAs by means of High Pressure Torsion (HPT), a SPD procedure which has been modified as to allow the application of elevated number of rotation numbers (~10 2 rpm) concomitant with high applied pressure (~ GPa) [17] . The new procedure, named high-speed highpressure torsion (HS-HPT), was used to produce modules under the form of truncated cone shells, directly from ascast SMAs [18] .
The present paper aims to further investigate the response of HS-HPT modules during compression cycles, between flat surfaces, both without and with lubrication, and to corroborate the changes in hardness variation along cone generator with accompanying microstructural changes. 
Experimental
Fig. 1 presents details of HS-HPT technology and modules geometry. The billets were circular crowns cut from drilled Fe-28Mn-6Si-5Cr SMA ingots. HV variation, illustrated in Fig.2(b) , reveals an average hardness gradient of 22 HV/mm, increasing from inner to outer diameter zones. This characteristic could be an effect of irregularly distributed flow, during plastic deformation, causing larger deformation degrees, therefore larger work hardening, in the outer areas of the modules. After processing, the modules were machined, so as to adjust and to render parallel upper and lower surfaces [14] . Each module can be described by its shape characteristic ratio:
(1) where H 0 and t are the initial height and the wall thickness of the modules, according to the quarter section shown in Fig.1(c) .
The modules were further subjected to loadingunloading compression tests, performed between flatsurface deformation devices, without lubrication on an INSTRON 3382 testing machine with thermal chamber and with lubrication on an INSTRON 8801 testing machine. In the case of dry-compression tests, the modules were additionally heated, in partially compressed condition, and the variation of constrained recovery force was registered as a function of temperature. In order to obtain an accurate variation of compressive load, as a function of stroke and temperature, the load values corresponding to compression device heating were subtracted from the force values recorded during constrained recovery tests.
The structural changes caused by: (i) HS-HPT processing, (ii) compression and (iii) heating, respectively, were analyzed by X-ray diffraction (XRD), optical (OM) and scanning electron microscopy (SEM) observations. For this purpose, modules in the three above conditions were embedded into cold mounting acrylic resin, before being ground, polished and etched for metallographic analysis.
Experimental results and discussion
Three modules with SCR of 0.5; 1.1 and 2.8 were subjected to loading-unloading tests, performed by compression between dry flat surfaces and the resulting stroke-load-response is shown in Fig.3 . The compressive load vs. stroke variations display, in Fig.3 (a), load plateaus, both during loading and unloading, which define the "superelastic-like" response of HS-HPT modules. These plateaus can be associated with the hardness gradient, which enables the gradual bending along cone's generator, from inner to outer diameter area.
In Fig.3(b) , the presence of constrained recovery SME was revealed by incomplete pressing of a module with SCR = 2.8, holding the module in deformed state at a constant stroke of approx. 0.6 mm, and heating it up to 170 0 C, in the thermal chamber of the testing machine. It is noticeable that compressive load reached 600 N, a value much larger than the maximum values obtained, in Fig.3(a) , during compression loading. The inset of Fig.3 (b) enables to observe stress variation with temperature and the determining procedure of the critical temperature of the start of martensite reversion to austenite, A s = 110 0 C, by means of tangent method. For wet-compression tests, stress was determined by dividing compressive load to the projection area of flattened module (π(D 2 -d 2 )/4 while strain was the ratio between stroke and wall thickness (t). Since the height is H 0 > t, strain values exceed 100 %, as in Fig.4 , for a module with SCR = 2.2. During wet-compression testing, of FeMnSiCr SMA modules obtained by HS-HPT, two distinct portions of the stress-strain curves are obvious: (i) an initial portion with reduced slope, corresponding to module's elastic flattening and (ii) a final high-slope portion corresponding to material's hydrostatic compression. It can be assumed that the former region was caused by module's geometry and the latter by module's material. In contrast to dry-compression tests, from Fig.3(a) in Fig.4 no gradual bending occurred, since the module was allowed to slip, with regards to the flat-compression surface. During the first seven cycles, the compressive stress experienced three tendencies: 1) to increase slowly, during module's elastic flattening, suggesting the rotation of entire cross-section, as in the case of disk springs [19] ; 2) to augment abruptly during hydrostatic compression and 3) to spring-back additionally during unloading.
When th -81.5 %; 7 th -78.9 % and 8 th -95.9 %, so there is an obvious increasing tendency of SRD, during mechanical cycling, which can be considered as a training effect [20] . Another variation tendency, noticeable with the increase of the number of mechanical cycles, is the gradual diminution of the elastic low-slope portion, which suggests that the module loses its elastic spring-back capacity and becomes more and more flat, with the increase of the number of cycles. After 7 wetcompression loading-unloading cycles, module's height was reduced with 100 % (as compared to wall thickness) and for this reason, stress variation in the 8th cycle is completely different. The inset of Fig.4 illustrates the 6th to 8th wet-compression loading-unloading cycles. It is obvious that in the 8th cycle the module is completely flat, so that only the second portion of the curve, corresponding to hydrostatic pressing, is noticeable.
After complete flattening as an effect of wetcompression, the modules were removed from the testing machine and HV measurements were resumed, according to the same measuring scheme as in Fig.2(a) . The results are shown in Fig.5 , along with the polynomial fit of HV variation with distance. In this case, there is a hardness gradient with the average value of 20 HV/ mm. Its sense, is opposite as compared to Fig.2(b) since it decreases from inner to outer diameter zones. So, after eight wet-compression loading-unloading cycles, which caused module's complete flattening, the hardness gradient, along module's cone generator reversed its sense. One possible explanation for this drastic change can be related to the more intense work hardening of inner areas, which were repetitively deformed according to the low-slope portions of Fig.4 .
Aiming to observe the structure of the modules after HS-HPT processing and the structural changes induced by compression and subsequent heating, metallographically prepared specimens corresponding to initial, compressed and heated states, respectively, were analyzed by XRC, OM and SEM.
The recorded XRD patterns are illustrated in Fig.6 , together with details of the evolution of main diffraction maxima, of the three phases: γ-fcc austenite, ε-hcp martensite and α'-bcc martensite. Since the modules obviously experienced constrained recovery SME, the stress-induced formation of ε-hcp martensite and its thermally induced reversion to γ-fcc austenite would be expectable, after plastic deformation and heating, as it is the case of common FeMnSiCr SMAs [21] . For crystallographic calculations, the parameter of fcc unit cell of γ austenite was considered as a γ = 0.36 nm, while the parameters of hexagonal unit cell of ε martensite have been a ε = 0.254 nm and c ε = 0.4 nm [22] . Due to the elevated levels of micro-strains, caused by HS-HPT processing, α' martensite was observed, its bcc unit cell having the parameter a α' = 0.287 nm [23] .
On the recorded XRD patterns, γ-fcc austenite, was identified with the crystallographic maxima (111), (200), (220) and (311), ε-hcp martensite was represented by its close packed planes (002), (101) and (110) and α'-bcc martensite by its main diffraction maximum of (110).
In the case of present modules, processed by HS-HPT, due to the elevated amounts of pressure and torsion a part of the material became nanostructured. This statement is valid especially in the case of ε-hcp martensite plate variants. Some of their corresponding XRD peaks became distorted and round. These broader peaks are indicative of the existence of either small ε-hcp martensite crystallite size along the direction normal to the specified planes or of distortion (micro-strains) of the crystal structure. For this reason, the position of ε(102) peak was only indicated in Fig.6(a) . On the other hand, Fig.6(d) clearly illustrates the details of very deformed diffraction maxima corresponding to ε(101) martensite plate variant.
The summary of XRD peak analysis is shown in Table 1 , which contains both the values of 2θ angles and Miller indices from crystallographic databases and the experimental results of quantitative analysis performed by XRD peak planimetric measurements. The results of quantitative analysis, listed in Table 1 , show that, during different processing steps, the texture of modules microstructure changed. The global amounts of γ-fcc austenite, ε-hcp martensite and α'-bcc martensite varied as follows:
1. in initial condition 74 % γ, 23 % ε and 3 % α'; 2. in compressed state 77 % % γ, 19 % ε and 4 % α' 3. in heated condition 72 % γ, 23 % ε and 5 % α'. These results suggest that, at the end of a compression-heating cycle, a small amount of austenite irreversibly transformed to α'-bcc martensite.
For a better insight of the evolution of metallographic phases, microscopic analyses were performed by OM and SEM, the results being illustrated in Fig.7 . It is well-known that, in FeMnSi SMAs, ε-hcp martensite has typical "triangular" morphology, due to its habit planes of {111}γ type [24] . Its plates are generally narrow and completely cross austenite grains, from one border to the other. On the other hand, α'-bcc martensite, which typically forms at low Mn contents or at high stress amounts, has the form of wider bands with lenticular shape, which do not cross austenite grains [25] . These aspects are less visible in Fig.7 , since the alloys under study underwent severe plastic deformation which drastically altered the crystalline structure. Thus, it is noticeable that the microstructure of the module in initial HS-HPT processed state, Fig.7(a) , is heavily distorted and comprises fine interlocking ε-hcp martensite plates, with sub-micrometer widths. In addition, the plates have only two {111} orientations, in such a way that the "triangular" morphology is not noticeable.
On the other hand, α'-bcc martensite plates are thicker and longer, being better emphasized in initial and heated states. After compression, Fig.7(b) illustrates the development of parallel arrays of ε-hcp martensite plates, which became thinner as compared to initial condition. This refining tendency of martensite plates, after compression, was also observed in conventionally processed FeMnSi SMAs [26] . After heating, long α'-bcc martensite plates were developed, in Fig.7(c) , which fragment the fine ε-hcp martensite plates. In all of the three micrographs, the structure is highly distorted.
Summary and conclusions
Truncated cone disc spring-shape modules, with different shape characteristic ratios (SCR), were processed, from as-cast Fe-28Mn-6Si-5Cr (mass. %) SMAs, by means of high speed-high pressure torsion.
HS-HPT processing caused the occurrence of a hardness gradient, of approx. 22 HV/ mm, increasing along cone's generator, from inner to outer diameter areas. After complete flattening, by wet-compression between plane surfaces, the hardness gradient reversed its variation sense, increasing from outer to inner diameter areas, with an average value of 20 HV/ mm.
During compression loading-unloading cycles, performed without lubrication between flat surfaces, the following variation tendencies were observed:
• the modules experience a "superelastic-like" response, with force plateaus, both on loading and unloading;
• the force plateaus can be associated with the impossibility of inner diameter areas, of tested modules, to slip with regards to the flat compression surface, so they gradually bend along cone generator, as predicted by FEM simulations [27] ;
• stroke magnitude experienced an increasing tendency with increasing SCR value;
• when heated in compressed state, the modules developed constrained recovery forces larger than those reached during isothermal compression loading. After compression loading-unloading cycles, performed with lubrication between flat surfaces, the modules cross-section was allowed to rotate, being twisted in the same way as disk springs are [19] and the following tendencies were observed in stress-strain variation:
• it had a double slope both on loading and unloading and an obvious pseudoelastic character, which experienced a decreasing tendency with increasing the number of cycles;
• shape recovery degree increased with the number of cycles.
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By XRD, OM and SEM observations, the following conclusions were obtained:
• in initial state, only two ε-hcp martensite plate variants were noticeable;
• some ε-hcp martensite plate variants were highly distorted;
• long α'-bcc martensite plates were developed.
